Human red blood cell membranes were used as a model system to determine if the systematic evolution of ligands by exponential enrichment (SELEX) methodology, an in vitro protocol for isolating high-affinity oligonucleotides that bind specifically to virtually any single protein, could be used with a complex mixture of potential targets. Ligands to multiple targets were generated simultaneously during the selection process, and the binding affinities of these ligands for their targets are comparable to those found in similar experiments against pure targets. A secondary selection scheme, deconvolution-SELEX, facilitates rapid isolation of the ligands to targets of special interest within the mixture. SELEX provides high-affinity compounds for multiple targets in a mixture and might allow a means for dissecting complex biological systems.
Systematic evolution of ligands by exponential enrichment (SELEX) (1) is an oligonucleotide-based combinatorial chemistry that has been used to isolate high-affinity ligands for a wide variety of protein and low molecular weight targets (for review, see refs. 2-6). Single-stranded oligonucleotides (either RNA or DNA) with the highest affinity for the target are isolated from a very large pool of random sequence molecules by reiterative rounds of selection and amplification. These ligands have dissociation constants in the picomolar to low nanomolar range for protein targets, whether they naturally bind nucleic acids or not, and in the high nanomolar to high micromolar range for low molecular weight targets. In addition, nucleic acid ligands display high specificity for their targets with the capacity to distinguish between homologous proteins (7) (8) (9) (10) or nearly identical low molecular weight compounds (11) (12) (13) (14) (15) (16) (17) (18) (19) . Thus, the capabilities of these ligands are well established and applications of SELEX to many research, diagnostic, and therapeutic purposes is ongoing (4, 5) .
A selected pool with high affinity for a pure protein or low molecular weight target usually consists of relatively few sequences that can be grouped into a small number of families based on primary and secondary sequence similarities. These different families are often able to compete with each other for binding to the target, demonstrating that they bind to single or overlapping epitopes. In the case of proteins, the highestaffinity nucleic acid ligands often inhibit function, presumably by interactions that overlap the binding site of the natural ligand. Single-stranded nucleic acids form stable threedimensional shapes (6) that can be selected-and often are-to bind most often to a dominant epitope on a protein.
Surprisingly, a single epitope also can dominate when nucleic acid libraries are presented with more complex targets such as viral particles (20) or 30S ribosomes (21) . Similar results have been reported for peptide-based combinatorial chemistry libraries (22) (23) (24) (25) . The dominance of a single epitope after only a few rounds of selection and amplification is unexpected because targeting individual components of these larger entities would almost certainly result in ligands with affinities similar to those obtained against other pure targets; an example might be that the pure ribosomal protein S1 and 30S ribosomal particles containing S1 gave more or less the same ligands after SELEX (21) . And yet it seems that if binding to one epitope in a mixture does not interfere physically with binding to others, we would expect the simultaneous selection of ligands to all of the high-affinity epitopes within the mixture. In that this has not been the case in experiments reported in the literature, the application of combinatorial chemistry methods to complex mixtures of targets appears to be hindered by an unexplainable problem of extreme epitope dominance.
Combinatorial chemistry libraries containing high-affinity ligands to many components within a complex mixture would be an effective tool for dissecting and comparing biological systems such as serum or urine samples from patients with a similar disease, whole cells, or even different tissues. With this in mind, we used human red blood cell (RBC) ghosts as a model to work out the methodologies for obtaining and manipulating a pool of ligands that recognizes many targets within a complex mixture. RBC membranes provided a reasonably complex mixture of potential targets (26, 27 ) that should remain unchanged over the course of the experiment. We first demonstrate that a pool of single-stranded DNA (ssDNA) molecules with high affinity for different targets on cell membranes can be isolated. We then demonstrate how techniques that are common to most any molecular biology laboratory can be used to match the oligodeoxynucleotide ligands with their target, and visa versa, providing all of the basic requirements for the broad application of SELEX to complex biological systems.
EXPERIMENTAL PROCEDURES
SELEX. RBC ghosts were prepared by washing human erythrocytes in PBS (pH 7.4) before lysing them in 5 mM sodium phosphate, pH 8.0͞1 mM EDTA at 0°C (28) . The final membrane preparation was stored at 0°C in PBS (pH 7.4) after further washes in that solution. The concentration of RBC ghosts was estimated by counting the number in a small sample through a phase-contrast microscope, and the total protein concentration was measured by staining with Coomassie blue G-250 (Bio-Rad).
Approximately 10 pmol of synthetic template DNA (Operon Technologies, Alameda, CA) containing 30 random nucleotides flanked by fixed sequences complementary to the primers (5Ј-GGGAGCTCAGAATAAACGCTCAA-3Ј and 5Ј-BBB-GATCCGGGCCTCATGTCGAA-3Ј, where B is biotin) was amplified by PCR. All PCR mixtures contained 50 mM KCl, 10 mM Tris⅐HCl (pH 8.6), 2.5 mM MgCl 2 , BSA (170 mg͞ml), all four dNTPs (each at 1 mM), 1 mM each primer, and Taq DNA polymerase (Boehringer Mannheim; 1,000 units͞ml). A similar reaction containing 1 pmol of template, 0.1 mM dCTP, and 1.25 M [␣-32 P]dCTP was used to produce radioactively labeled ssDNA for monitoring the binding affinity of the pool. Amplifications were carried out in a Perkin-Elmer͞Cetus thermal cycler at 93°C for 30 sec, 50°C for 30 sec, and 72°C for 1 min, for 25 cycles. Nonbiotinylated ssDNA was size-purified from the larger biotinylated strand by electrophoresis in 8% polyacrylamide gels containing urea. The starting pool (50 pmol) and a trace amount of radioactively labeled ssDNA were denatured by heating at 70°C for 5 min in 200 ml of PBS (pH 7.3) and renatured at 0°C for 10 min. The DNA solution was prefiltered through nitrocellulose to counter-select DNA molecules with high affinity for the partitioning matrix. The filter was washed with 300 ml of PBS and the filtrate was divided into six aliquots. An equal volume of PBS containing total RBC ghost protein at 0, 0.11, 0.22, 0.43, 0.86, or 1.72 mg͞ml was added to each aliquot. The mixture was incubated for 20 min at room temperature and then filtered through nitrocellulose. The filters were washed with 5 ml of PBS, and the amount of radioactively labeled ssDNA retained was calculated by measuring Cerenkov radiation in a scintillation counter. The ssDNA was isolated from the filter that retained 5-10 times the radioactivity bound to the background control filter and was amplified by PCR for the next round of selection.
Individual DNA molecules were isolated from the round 25 pool by PCR amplification with primers that introduce BamHI and HindIII restriction sites at the 5Ј and 3Ј ends of the DNA. Restriction endonuclease-digested PCR products were ligated into pUC18 and introduced into Escherichia coli SURE (Stratagene) by electroporation. Plasmids were isolated from single bacterial colonies, and the nucleotide sequences in the inserted DNAs were determined by standard dideoxynucleotide methods. The sequences were searched for patterns in their primary and in their possible secondary sequences by inspection.
Nitrocellulose Filter Binding Assays. Dissociation constants for single RBC ghost ligands were determined by Scatchard analysis (29, 30) . Synthetic oligodeoxynucleotides (10 pmol) were radioactively labeled at their 5Ј end. Reaction mixtures contained 50 pmol of [␥-32 P]ATP and 10 units T4 polynucleotide kinase (Boehringer Mannheim) in 70 mM glycine⅐NaOH, pH 9.5͞10 mM MgCl 2 ͞5 mM DTT͞0.1% Nonidet P-40, and reactions were carried out at 37°C for 30 min. Binding reactions contained fixed amounts of RBC ghosts and various concentrations of radioactively labeled ssDNA in PBS (pH 7.3). The reactions were incubated at room temperature for 30 min before filtration through nitrocellulose (Millipore) that had been prewashed with 5 ml of PBS. The filters were immediately washed with 5 ml of PBS and then air-dried. The amount of radioactivity retained by each filter was measured by scintillation counting. Standard filter binding assays were used for comparisons between random and evolved nucleic acid ligand pools (1) .
Cross-Linking of Synthetic Oligodeoxynucleotides. Oligodeoxynucleotides were synthesized (Operon) with a primary aliphatic amine (with a six-carbon spacer group) on the 5Ј end of each molecule. The conjugation reactions between the photoreactive molecule and the amino group on the ssDNA contained 5 mM N-hydroxysulfosuccinimidyl-4-azidobenzoate (sulfo-HSAB; Pierce) and 0.01 mM oligodeoxynucleotide in a buffer of 100 mM triethylamine (pH 9.5). The reactions were incubated at room temperature for 15 min and then at 37°C for 15 min. The oligodeoxynucleotides were separated from the unconjugated sulfo-HSAB by centrifugation through columns containing Sephadex G-50 (Pharmacia) according to the suppliers instructions. The oligodeoxynucleotides were then radioactively labeled at their 3Ј end with [␣-32 P]dideoxyadenosine 5Ј-triphosphate (3,000 Ci͞mmol; 1 Ci ϭ 37 GBq) by terminal deoxynucleotidyltransferase in buffer containing 100 mM sodium cacodylate (pH 7.2), 0.2 mM 2-mercaptoethanol, and 2 mM CoCl 2 at 37°C for 1 hr and purified by electrophoresis in 8% polyacrylamide gels containing urea.
Typical binding reactions for cross-linking contained 10 nM radioactively labeled photoreactive oligodeoxynucleotide, 10 M random-sequence oligodeoxynucleotide (30 nucleotides long; Operon), and 7.7 ϫ 10 6 RBC ghosts in PBS (pH 7.3). Reactions were incubated at room temperature for 30 min before irradiation for 100 pulses at 308 nm by a XeCl excimer laser (Lumonics Ex-748) (31) . Similar reactions in which the radioactively labeled ssDNA molecules lacking the photoreactive group were cross-linked to the ghosts were irradiated with a 254-nm Mineral Light for 5 min. Reaction products were analyzed by SDS͞PAGE (4-12% polyacrylamide) and autoradiography.
Deconvolution-SELEX. Approximately 1 pmol of round 25 pool DNA was amplified by PCR as described above except the nonbiotinylated primer sense strand (Operon) contained the primary aliphatic amine group (with a six-carbon spacer group) at the 5Ј end and the PCR contained all four dNTPs (each at 50 M) and 1 M [␣- 32 P]dCTP at a specific activity of 6,000 Ci͞mmol. The nonbiotinylated strands were purified as described above. The cross-linking reagent from sulfo-HSAB was conjugated to the amino group at the 5Ј ends, and the pool of ssDNA molecules was cross-linked to the RBC ghosts as described above. The SDS͞PAGE-separated products were transferred to nitrocellulose by electrophoresis. Autoradiography of the nitrocellulose blot was used to detect the cross-linking products. The appropriate bands of nitrocellulose were excised and placed directly in PCR mixtures for amplification. Individual DNA molecules were isolated from the round 4 pools and their nucleotide sequences were analyzed as described above.
Protein Purification. A version of c56t was synthsized (Operon) with three biotin groups at the 3Ј end and the aliphatic amine required for conjugation of the photoreactive group on the 5Ј end. The sulfosuccinimidyl (4-azidophenyldithio) propionate conjugation reaction was carried out as described above. Binding reactions (1-ml total volume) contained 100 nM cross-linkable biotinylated c56t, 0.1 M random-sequence DNA (30 nucleotides long), and 7.7 ϫ 10 8 RBC ghosts in PBS (pH 7.3) and were irradiated as described above. The RBC ghosts were pelleted by centrifugation, and the membrane proteins were solubilized in a solution containing 10 mM Tris⅐HCl (pH 7.5), 200 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS at 4°C for 2 hr. Enough magnetic beads with streptavidin covalently attached (Dynal) to bind 200 pmol of biotinylated oligodeoxynucleotide was prepared according to the suppliers instructions and added to the solution. Binding of the biotinylated DNA molecules took place in 10 mM Tris⅐HCl, pH 7.5͞1 M NaCl͞2 mM EDTA͞ 0.1% Triton X-100͞0.01% SDS at 4°C for 2 hr. The beads were washed sequentially with 10 ml of 10 mM Tris⅐HCl, pH 7.5͞2 mM EDTA͞0.1% Triton X-100͞0.01% SDS containing 1 M, 0.5 M, and then 0.1 M NaCl. The disulfide bond in the sulfosuccinimidyl (4-azidophenyldithio) propionate group was reduced by incubation of the beads in 10 mM Tris⅐HCl, pH 7.5͞0.1 M NaCl͞2 mM EDTA͞0.1% Triton X-100͞0.01% SDS͞200 mM DTT at room temperature for 1 hr. The proteins and nucleic acids were precipitated in 0.3 M NaOA c and 2 vol of ethanol, pelleted by centrifugation, and analyzed by SDS͞ PAGE (4-12% polyacrylamide) with staining of the proteins by silver. ssDNA because we had not yet decided what modified RNA library was likely to be most useful for later experiments (32) (33) (34) . A pool of 10 13 ssDNA molecules containing a 30-base random region flanked by fixed sequences required for the hybridization of primers was incubated with the RBC ghosts. Tighter-binding sequences were partitioned from the rest of the pool by nitrocellulose filtration, and that subset of selected sequences was amplified by PCR. The pool showed slow but steady improvement in binding affinity during the 25 rounds of selection and amplification (data not shown). The concentration of RBC ghosts in the binding reactions was reduced to increase the selection stringency as the affinity of the ssDNA pool for the membranes increased.
The round 25 pool, which binds approximately 10-fold better than the starting pool (data not shown), was cloned and the nucleotide sequences of 69 clones were determined. ¶ The most interesting feature of the round 25 pool was its high sequence complexity compared with that of pools selected for binding to pure targets. When SELEX is performed over 10-15 rounds for a single protein target, ligand families are easily found (9, 10) . Usually clones with identical sequences to other clones are observed and these repeats are an indication that the SELEX protocol is nearing its final round (2, 3).
Forty-one of the round 25 sequences could be grouped in one of six distinct sequence families based on common primary sequence motifs; these family relationships are not robustly determined but are based on the presence of at least two sequences that are not obvious derivatives of the same progenitor clone. The remaining clones had no significant sequence similarities to any of the others. These clones may be nonbinding background sequences that have not yet been purged from the pool during the selection process, or they might be single representatives of other sequence families that are less prevalent in the final pool than those identified. Very few repeated sequences were found; three within the most represented family (motif I) and two that were not members of any identified family.
Motifs I and II, which compose approximately 16% and 10% of the entire pool, respectively, were chosen for further analysis. Oligodeoxynucleotides that consist of the conserved regions of two individual clones from each of these sequence families were synthesized (Fig. 1) . These ssDNA molecules ranged from 22 to 35 nucleotides long, with the boundaries being chosen by inspection of the conserved regions of each sequence family. There was sufficient sequence variation among the motif II clones to propose a secondary structure. This was not the case for the motif I members, although they could form a short helix with the nucleotides at the extreme 5Ј and 3Ј ends. The dissociation constants for these truncates and the RBC membranes were determined by Scatchard analysis of a series of binding reactions in which the concentration of RBC ghosts was held constant while that of the nucleic acids was varied (29, 30) . The motif I truncates (c20t and c56t) differ in the number of bases that separate two conserved sequence elements (eight and four, respectively), yet binding analysis of each measured approximately equal dissociation constants of 1.2 nM and 1.6 nM for 1.6 ϫ 10 3 and 1.3 ϫ 10 3 binding sites per ghost, respectively (data not shown). Similar analyses measured dissociation constants of approximately 1.8 nM and 2.0 nM for 6.5 ϫ 10 3 and 6.0 ϫ 10 3 binding sites for the two motif II truncates (c16t and c79t, respectively). Therefore, these two motifs specify high-affinity binding to the RBC ghosts but appear to recognize targets that differ a fewfold in concentration on the membranes.
Identification of Targets. Both the sequence complexity of the round 25 pool and the Scatchard analysis of the binding of individual motif truncates suggest that ligands for multiple targets on the RBC membranes were selected. Photoaffinity cross-linking experiments were performed with the four motif I and II truncates to more thoroughly test whether these individual sequence motifs recognize different targets on the ghosts (Fig. 2) . Each truncate was synthesized with a primary aliphatic amine (with a six-carbon spacer group) on the 5Ј end. The phenyl azide photoreactive molecule from N-hydroxysulfosuccinimidyl-4-azidobenzoate (sulfo-HSAB) was conjugated to the 5Ј end of each synthetic DNA through this amino group. Additionally, the DNA molecules were radioactively labeled on the 3Ј end. The photoreactive truncates were allowed to bind to the ghosts in the presence of a thousandfold molar excess of nonradioactive random-sequence ssDNA before irradiation with a 308-nm excimer laser. Cross-links between ¶ All sequences are available from L.G. the ssDNA molecules and RBC membrane proteins were detected by SDS͞PAGE and autoradiography. The motif I truncates cross-linked to a protein dimer band with an apparent molecular weight centered around 105 kDa when complexed to the oligodeoxynucleotides. In contrast, the photoreactive motif II truncates labeled a protein that migrates slightly above 40 kDa when associated with ssDNA molecules. The identical protein bands were labeled by c56t lacking the phenyl azide group by cross-linking through thymidine with short-wavelength UV (254 nm) irradiation. However, two control synthetic ssDNAs of the same length and base composition as c56t, but with the primary sequences randomly shuffled, formed no detectable cross-links (data not shown).
The binding specificities of a motif I truncate (c56t) and a motif II truncate (c16t) were further tested by a crosscompetition experiment (Fig. 3) . Addition of a thousandfold molar excess of the same sequence lacking the phenyl azide group abolished cross-linking of both c56t and c16t to their appropriate target. However, addition of a thousandfold molar excess of the other sequence to the binding reaction reduced the amount of nonspecific cross-linking products but did not diminish the specific cross-link. Therefore, these different sequence families from the round 25 pool recognize different targets with high affinity and specificity.
Deconvolution-SELEX. The utility of a selected pool of nucleic acids to dissect complex systems is contingent upon the ability to quickly identify which sequences are ligands for components of interest within the targeted mixture. Therefore, a secondary selection was developed to deconvolute the complex round 25 pool. PCR amplification of the random starting pool and the round 25 pool in the presence of a primer with an aliphatic amine at its 5Ј end allowed subsequent conjugation of the photoreactive phenyl azide group from sulfo-HSAB to these pools. Binding reactions containing RBC ghosts, radioactively labeled versions of these pools, and a thousandfold molar excess of nonradioactive randomsequence ssDNA molecules lacking the hybridization site for the primers were irradiated at 308 nm with an excimer laser and the resulting cross-linking products were detected by SDS͞PAGE and autoradiography (Fig. 4) . No protein bands were radioactively labeled by the random starting pool (data not shown). However, multiple cross-linking products were detected in the reaction that contained the round 25 pool, indicating the minimum number of targets that are recognized by the selected pool. As with the c56t cross-linking reaction described above, essentially the same results were seen when the random and round 25 pools lacking the photoreactive agent were cross-linked to the ghosts by irradiation with short-wavelength UV (data not shown). These results with the selected pool once again demonstrate that ligands to multiple targets on the RBC membranes were selected and provided a means by which the selected pool could be deconvoluted.
To isolate the ssDNA molecules that recognize specific targets on the membranes, the RBC proteins and their associated ssDNA molecules were first electrophoretically transferred from the SDS͞polyacrylamide gel described above to nitrocellulose. This was expected to remove uncross-linked ssDNA that remained in the gel. Four radioactively labeled bands (targets A-D) that varied in molecular weight and in radioactive intensity were excised from the filter and the associated ssDNA molecules were amplified by PCR in the presence of the aliphatic amine-containing primer. The phenyl azide cross-linking reagent was conjugated to the resulting ssDNA pools, which were again cross-linked to the ghosts. Four rounds of this deconvolution-SELEX scheme resulted in pools (A-D) with clearly visible biases upon cross-linking to the RBC membranes (Fig. 4) .
The four round 4 pools were cloned and the nucleotide sequences of several clones from each pool (13 from pool A, 14 from pool B, 16 from pool C, and 17 from pool D) were determined. ¶ As expected from the residual cross-linking of each of the pools to the other targets, there was some overlap between the sequences in the pools. Clearly, however, distinct ligands were selected to each target, and it is expected that further rounds of selection and amplification would result in more distinct sequence compositions. The ability of the sequences that predominate in each pool to recognize the Proc. Natl. Acad. Sci. USA 95 (1998) appropriate target was confirmed by cross-linking of individual clones to the RBC ghosts (data not shown). Each of these clones cross-linked somewhat to target C in addition to the anticipated target even at a relatively high (10,000-fold molar excess) nonspecific competitor ssDNA concentration, possibly due to the presence of nucleotides in addition to the binding motif in the full-length molecules. In addition to eliminating prevalent sequences that do not bind the excised target, the deconvolution-SELEX procedure was successful in isolating rare sequences that do recognize that target. Although motif I, the most prevalent sequence family in the original pool selected for binding to the entire RBC membrane, was again dominant in pools A and B, motif II, the third most represented sequence family, was not found in any of the pools. Most importantly, two new sequence motifs were present in pool D that had not been seen in the 69 clones isolated from the original round 25 pool, and several ''orphan'' sequences from round 25 were now well represented. Therefore, the original pool selected for binding to the membranes is deeper in sequence complexity and target recognition capacity than was measured by the nucleotide sequencing analysis.
Ligand-Mediated Target Purification. One would like to be able to purify any protein target for which a high-affinity nucleic acid ligand has been identified. A one-step partial purification of the protein recognized by the motif I truncate c56t was performed to demonstrate a general scheme by which the selected nucleic acid ligands can be used to mediate isolation of their target. A version of c56t containing the aliphatic amine required for conjugation of the photoreactive phenyl azide cross-linking group at the 5Ј end and three biotin molecules at the 3Ј end was synthesized. In this experiment, the phenyl azide from sulfosuccinimidyl (4-azidophenyldithio) propionate, a slightly different form of the cross-linking reagent in which the spacer arm contains a disulfide bond, was attached to the ssDNA molecules. Binding reactions containing or omitting this photoreactive ssDNA, a thousandfold molar excess of non-cross-linkable random-sequence ssDNA, and RBC ghosts were irradiated at 308 nm as described. The proteins were then extracted from the membrane by treatment with the detergents Triton X-100 and SDS. Magnetic beads with strepavidin covalently attached were added to the solution of solubilized membrane proteins, and the c56t molecules were allowed to bind to the beads via the biotin groups attached to their 3Ј ends. The beads were thoroughly washed before the protein target cross-linked to the c56t molecules was released by reduction of the disulfide bond and analyzed by SDS͞PAGE. Staining of the proteins in the polyacrylamide gel with silver revealed the presence of a very distinct band migrating at approximately 97 kDa in the lane containing the product of the c56t binding reaction that is absent in the lane containing the product of the control reaction lacking the DNA (Fig. 5) . This band was eliminated by addition of a thousandfold molar excess of c56t lacking both the crosslinking and biotin groups (data not shown). The apparent molecular weight of the c56t target, its concentration in the RBC membrane as determined by the Scatchard analysis described above, and its migration as a dimer of approximately 200 kDa on a nonreducing SDS gel (data not shown) suggest that the target of motif I is the transferrin receptor monomer (CD71). The protein could be sequenced if the identity was important.
DISCUSSION
This SELEX experiment against human RBC ghosts clearly demonstrates that ligands to multiple targets are isolated when a complex mixture is targeted by nucleic acid combinatorial libraries. In essence, the experiment is really a set of multiple simultaneous selections, in which the competition of ligands for binding at one target site is independent of the same competitive process at a different target site. For example, in the first round of selection, there were approximately 10 ssDNA molecules for every copy of the target recognized by the motif I clones. In subsequent rounds, reduction of the concentration of RBC ghosts and increases in the number of molecules that bind to the target resulted in more stringent competition between these ligands for the motif I binding site (35) . To a certain extent, this process must be unaffected by similar competitions for other binding sites that are physically separated on the membranes. However, families of ligands are lost when the concentration of their target falls below the value of their K d for the binding site. Therefore, we would expect that earlier round pools are more complex and contain ligands with a wider range of affinities for a broader spectrum of targets, whereas later round pools become narrower in scope as the decreasing target concentrations select for the highest-affinity ligands.
Both the sequence complexity of the round 25 pool and the measurement of the binding characteristics of two consensus sequence motifs suggested that the pool contained ligands for more than one target. However, the photoaffinity cross-linking of these different DNA molecules to their targets was the first direct evidence that the pool contained nucleic acid families that recognize different RBC proteins. The cross-competition experiment between the two motifs further demonstrated that these ligands are specific for their targets. These cross-linking experiments also provided an essential connection between the library of selected ligands and the complex mixture of targets that was exploited in deconvolution-SELEX to match individuals from the two sets. This procedure led to the identification of the ligands for the four target mixtures that were chosen, and more importantly, amplified sequences that had not been identified in the sequence analysis of the original selected pool. This further demonstrates that the selected pool is rich in sequence complexity and suggests that ligands to FIG. 5 . Silver-stained denaturing polyacrylamide gel used to analyze the ligand mediated target purification procedure. Lanes: 1, untreated RBC membranes; 2, purification with c56t; 3, purification minus c56t. The target band isolated in the reaction containing the c56t ligand is indicated by an arrow. (1998) almost any protein of interest might be isolated. The opportunity to isolate rare ligands might be further enhanced by starting at an earlier round when the pool has an even higher sequence complexity. Combinatorial libraries provide a powerful tool for dissecting complex biological systems. Libraries selected for binding to mixtures of targets potentially contain ligands to many epitopes that are inaccessible to traditional antibody technology. Unlike antibodies, these libraries are not biased by natural mechanisms such as immune tolerance. In addition, appropriate counterselection schemes can efficiently yield ligands that recognize differences between two mixtures. Many approaches can be envisioned to study the appearance and disappearance of various types of cellular targets such as developmental markers or tumor-specific antigens, and selections against cellular or nuclear extracts would extend this analysis to intracellular targets. The ligands isolated in these experiments can then be used to identify and study their cellular targets, and many may become important medical diagnostic and therapeutic agents (4) .
Several encouraging reports with random peptide libraries have demonstrated the potential application of combinatorial libraries to the study of biological systems (22) (23) (24) (25) . However, the small numbers of ligands isolated in these studies suggests that peptide libraries have insufficient binding affinity to fully probe the complete array of targets available in complex mixtures. Low-affinity binding limits the analysis to abundant targets because ligands will be selected for only those present at concentrations near to or greater than the value of the K d (35) . In addition, peptides require circularization, dimerization, or presentation in the context of a larger protein to achieve sufficient structural stability for even modest affinity binding to a target (36) (37) (38) (39) (40) (41) . These structural requirements limit the number of potential ligands that can be sampled in an experiment. In contrast, relatively short nucleic acid ligands form stable structures that display high affinities for their targets. These features permit the use of very large starting pools to probe for the presence of much rarer targets. In this study, the c56t truncate consists of only 22 nucleotides, yet has a K d value of 1.6 nM for a target that is relatively rare on the red blood cell membrane. In addition to direct counterselection, nucleic acid libraries also permit the use of subtractive hybridization technologies to obtain differences between selected pools. This feature may allow more rapid comparisons between larger numbers of cell or tissue types by eliminating the need for individual experiments with direct counterselection against unwanted targets for every comparison. Instead, libraries selected for binding to different mixtures could later be counterselected against each other by nucleic acid hybridization. Overall, the experiments reported herein and those previously reported illustrate the great potential for combinatorial chemistries in dissecting complex biological systems.
